Abstract-This work is a study of the earthquake (Mw 6.8) that occurred on May 21, 2003 in Zemmouri-Boumerdes (Algeria) using methodology based on teleseismic data, uplift measurements, and synthetic aperture radar data. As a starting point, we fix the two source fault models obtained in this work (Solution 1: strike = 64°, dip = 50°, and rake = 97°; Solution 2: strike 256°, dip 40°, and rake = 91°) with a length of 60 km and width of 20 km to calculate the slip distribution that best explains the seismic and geodetic observations. The interferometric fringes revealed a strong displacement in the satellite direction (*53 cm) along the coast of Algeria between the cities of Boumerdes and Zemmouri. The inversion of teleseismic body waves for the two focal solution types (one plane dipping to the SE and the second plane dipping to the NW) showed distinct ruptures. However, both bilateral ruptures included two asperities, one near the hypocentre and the other at a shallower location. The maximum slip (Solution 1 = 3.8 m and Solution 2 = 4.0 m) occurred near the hypocentre in both seismic source models. The surface displacement model was obtained with Okada's equations using the EDCMP algorithm. The three components of the displacements calculated were projected regarding the satellite direction (LOS-line-of-sight) for comparison with the interferogram. The geographic location of the fault plane was determined by comparing the uplift measurements with the vertical displacement models calculated with the source at several locations. The surface displacements calculated from these source models indicate that the model based on the SE plane and the epicentre location at 36.846°N and 3.660°E produces results closer to the interferogram and the uplift measurements.
Introduction
The eastern part of Algiers, capital city of Algeria, was struck at 18:44 h on May 21, 2003 by an earthquake of Mw 6.8, the second largest in this country after the earthquake (Mw 7.3) of El Asnam in 1980 (BEZZEGHOUD et al. 1995 .
The hypocentre depth of this earthquake has been estimated at between 9 and 15 km (BELABBÈS et al. 2009 ) and the focal mechanism to consist of a reverse movement in the ENE-WSW direction (DELOUIS 2004) .
The epicentre was located close to the coastline of Zemmouri-Boumerdes (BOUNIF et al. 2004) , and the tsunami observed after the main shock confirmed that the rupture occurred under the sea (SAHAL et al. 2009 ). The regions close to the epicentre were the most affected ( Fig. 1) , particularly the coastal towns, where this earthquake caused the loss of 2,271 lives, injured 11,455 and destroyed more than 20,000 buildings in the cities of Boumerdes, Tizi Ouzou, and Algiers (HARBI et al. 2007) . Despite the observed destruction, no clear rupture of the Earth's surface was observed, causing uncertainty about the location of the seismic fault.
The main reason to investigate this rupture process in recent years has been the uncertainty regarding the location and geometry of the seismic fault.
All published studies have shown that this event occurred in a region with a complex system of seismic faults due to the geodynamics of this region.
The seismic rupture that caused this destruction occurred on the border between the Euro-Asian and Nubian tectonic plates, where geodynamics has revealed a collision process between these two tectonic plates in the NW-SE direction, with a contraction rate of approximately 3.7 mm/year (BEZ-ZEGHOUD et al. 2014) . This relative movement causes a compressional tectonic regime, with a predominantly thrust-faulting and strike-slip-faulting mechanism. The northern region of Algeria has a highly complex system of faults, and these faults have originated several destructive earthquakes (MOKRANE et al. 1994; BEZZEGHOUD et al. 1996) . The Echeliff Basin was affected by two earthquakes, in 1954 and 1980, of magnitude 6.7 and 7.3, respectively. Chenoua MontTipasa, located 100 km west of Zemmouri, was struck on October 1989 by a seismic event of magnitude 5.9. Figure 1 presents the large earthquakes recorded over time occurring in the northern part of Algeria during the period of 1365-2014. Several previously published models have used different types of data (geodetic, seismic, and geological) to characterise and localise the fault plane that originated this seismic event (Table 1) .
Despite the published rupture models presenting slightly different geometric parameters for the source, there is some consensus in the scientific community regarding the geometry of this fault. The azimuth of the seismic fault is considered to be between 54°and 70°, the dip between 40°and 50°, and the hypocentre depth between 6 km and 8 km. However, there is disagreement regarding the location of the fault plane. The results presented by BELABBÈS (2009) suggest that the fault is located between 8 km and 13 km from the coastline, whereas the work presented by DÉVERCHÈRE et al. (2005) proposed a location farther from the coastline ([15 km).
The present work investigates this rupture process to shed light on the location and geometry of the seismic fault and slip distribution. We also verified that all of the studies presented in Table 1 considered Table 1 The source parameters of the published models that the fault dipped to the SE, and indeed all data available and their analysis are indicating a welldefined SE-dipping main fault geometry BOUNIF et al. 2004; MEGHRAOUI et al. 2004; AYADI et al. 2008 ). However we are not aware of any study about the deformation caused by the complementary plane. In fact, this issue is pertinent, as there are faults mapped in the region (DÉVERCHÈRE et al. 2005; BELABBÈS et al. 2009 ) that are compatible with the two planes (one plane dipping to the SE and the second plane dipping to the NW). The methodology used in this work processes the available seismic and geodetic data to evaluate the two complementary planes of the focal mechanism.
Methodology and Data
The methodology used in this work follows a sequential procedure of applying techniques of the modelling and inversion of seismic and geodetic data, enabling the production of models that accurately explain the recorded data. We sought to refine the geometry and spatial distribution of the slip and primarily the location of the Zemmouri-Boumerdes earthquake. First, we estimated the size and geometry of the rupture from the observed displacement obtained by the interferometric synthetic aperture radar (InSAR) technique and the uplift measurements obtained by , which were used for boundaries of the affected region. Second, to improve the first geometry estimate, the focal mechanism was determined using the BRILLINGER et al. (1980) algorithm. Third, we used this initial geometric pattern to constrain the geometry of the fault in the inversion of the waveform to determine the model of slip distribution on the fault plane. Both focal planes were used to determine the slip distribution. Fourth, the slip distribution calculated by inversion was used to generate a synthetic displacement field that was visually compared with the observed co-seismic displacements.
Finally, we tested the solutions that identified a set of locations along a profile transverse to the coastline and selected the best one producing the lowest standard deviation between the observed and synthetic displacement models.
Synthetic Aperture Radar
A set of SAR data over the affected region was selected with the aid of the EOLI-SA software, available from the European Space Agency (ESA), to analyse the co-seismic deformation produced by the earthquake of interest. (ROSEN et al. 2004) . The final interferograms with the Earth's surface displacements towards the satellite were obtained by removing the topographic fringes using a global digital elevation model (SRTM-Shuttle Radar Topography Mission).
Uplift Measurements
The uplift measurements were performed along the coastline based on tape measure, DGPS, and total station measures to quantify the uplift of the affected coast . The uplift measurements showed that the coast of Algeria between Ain Taya and Dellys has been raised by 55 cm (average), reaching a maximum value of 75 cm near Boumerdes, on the beach of Kaddous. This information is very important to bond the affected region and to identify the geographical location of the fault plane.
Focal Mechanism
The fault plane solutions were estimated using the BRILLINGER et al. (1980) algorithm.
The algorithm determines the maximum likelihood function and estimates the orientation of the principal stress axes (P and T), nodal planes, and their standard errors (UDIAS and BUFORN 1988) . For the main shock, we estimated the fault plane solution using 199 polarities of the vertical first motion registered at regional and teleseismic stations, which are azimuthally well distributed. The obtained solution corresponds to a reverse mechanism striking in Vol. 172, (2015) Rupture process of the 2003 Zemmouri-Boumerdes Earthquake 2423
the NE-SW direction with horizontal pressure axes in the NW-SE direction ( Fig. 2 ).
Teleseismic Body Wave Inversion
The rupture process of the Zemmouri-Boumerdes earthquake has been studied using the teleseismic body wave inversion program of KIKUCHI and KANAMORI (2003) based on a method similar to that developed by HARTZELL and HEATON (1983) . A total of 22 vertical P-waves and six shear SH-waves were selected for the body wave inversion. The criteria used for this selection have good azimuthal coverage and epicentral distances between 30°and 90°to avoid problems with the upper mantle triplications and diffractions caused by the mantle-core boundary. The seismograms were windowed for 25 s, starting at the origin time; bandpassed between 0.01 and 2 Hz; and integrated for conversion in ground motion with a sampling rate of 0.1 s. A simple lithospheric model formed by a crustal layer of 6.0 km/s and thickness of 10 km over a half space with a P velocity of 8 km/s was used.
The strike and dip parameters were fixed with the values obtained in the first step as well as the dimension of the fault plane; then by a trial and error method we determined new geometric parameters (Table 2 ) of the fault plane (strike, dip, length, and width) using as a criterion the visual comparison between the synthetic fringes of the displacement model (discussed next) and the digitalisation of interferometric fringes (discussed next).
The fault plane Solution ( Fig. 2 ) with a length of 60 km and width of 20 km was considered. The dimension of this plane is consistent with the zone of deformation estimated by the InSAR technique and the uplift measurements along the coast . The fault plane was discretised into 120 subfaults, 12 in the strike direction and ten in the dip direction, corresponding to each sub-fault with dimensions of 5 km by 2 km. We used a multipletime window inversion approach, in which each subfault on the fault is allowed to rupture multiple times. The source time function of each sub-fault is given by a superposition of four simple triangular functions, with a 0.25 s rise time each and a 50 % shift over time. The inversion devolves the amplitude and time of each triangle. The rupture velocity of 2.9 km/s was determined with the DIRDOP method (CALDEIRA et al. 2010 ) through the directivity study.
Displacement Field Model
The calculation of the surface displacement field was realised through the analysis of Okada's equations (OKADA 1992) using the EDCMP (WANG et al. 2003) algorithm considering the rupture models for the two Solutions.
The components of the displacement vector (x, y, z) were determined for a grid spacing of 50 m, covering an area of 90 km by 90 km around the epicentre region. These 3D displacements were projected towards the ENVISAT position and are See the text for details Table 2 The source parameters of the two Solutions presented in this work represented by the forms of the vertical displacement and synthetic interferogram, enabling the comparison with the uplift measurements and interferograms obtained by the InSAR technique. However, before the comparison, the best geographical location (for the models) was determined using the standard deviation of the difference between the uplift measurements and several cross-sections (parallel to the coastline) of the vertical displacement model using the lower standard deviation as the criterion to determine the cross-section that best adjusts the uplift measurements.
3. Results
Deformation Field
Every interferogram revealed a low coherence (\0.35), and as a consequence, the interferometric fringes revealed low contrast, causing difficulties with counting the number of fringes (Fig. 3) . Unwrapping the interferometric phase was also not possible, indicating a limitation in the analysis of the absolute displacements in the satellite direction.
The interferogram in Fig. 3a , is the one that reveals the highest coherence (0.35) in comparison with the remaining interferograms; however, this value was relatively low for the InSAR technique (which uses optimal values higher than 0.5), making it difficult to obtain good results. Figure 3b shows some interferometric fringes along the coast, crossing the towns of Zemmouri and Boumerdes and ending near Ain Taya. Approximately 19 fringes (equivalent to the relative displacement toward the satellite of 53.2 cm; in the same region BELABBÈS (2009) observed 16 fringes) between the towns of Ain Taya and Boumerdes could be counted, although with difficulty due to the incoherence and proximity among fringes. This high density of fringes means that this area experienced a large displacement.
Along the coast, from Boumerdes to the east, a set of six fringes (*16.8 cm) concentrated within a short distance and roughly parallel to the coastline could be observed (in the same region BELABBÈS (2009) verified nine fringes); this pattern of strong displacement remains until Zemmouri. An increase in incoherence was observed from Zemmouri to the east, causing the fringes to become imperceptible.
For this study, we used the interferogram of the ascending orbit because it was revealed to have greater coherence.
The interferogram and uplift measurements (MEG-HRAOUI 2004) allowed the dimension of the fault plane, in the first stage, to be constrained, contributing to the adjustment of the remaining parameters for the fault plane.
Rupture Process and Fault Slip Distribution
The snapshot representation of the slip plotted in Figs. 4 and 5 shows the rupture process obtained from Solutions 1 and 2, respectively. Both models showed bilateral ruptures, but the main propagation was predominantly SW, with the displacements concentrated at two asperities: one on the zone around the hypocentre and a second in a shallower location SW of the hypocentre.
Solution 1 (Fig. 4c) shows an asperity around the hypocentre, where a maximum slip of 3.8 m, greater than the slips occurring on the west side of the hypocentre, was observed. The directions of the observed slips were almost along the dip direction near the hypocentre, where the reverse component predominated. Along the rupture propagation to the Earth's surface, the direction of the slips revealed a significant horizontal component with an increase in the lateral right component. Thus, the asperity located west of the hypocentre showed a combined mechanism between a reverse and right lateral. The asperity near the hypocentre covered an area of approximately 12 km in width, which extends to 23 km in the strike direction. The asperity located west of the hypocentre covered almost the entire width of the fault plane (*19 km), with a length of 20 km. Here, we also verified strong slips that were greater than 2.7 m. The scalar seismic moment was 1.40 9 10 19 Nm, which corresponded to a Mw of 6.7, and the average rake was 978 (Fig. 4b) . The rate of moment release showed that the rupture had a duration of approximately 14 s (Fig. 4a) , with the relative maximums coinciding with the two identified asperities. The Vol. 172, (2015) Rupture process of the 2003 Zemmouri-Boumerdes Earthquakevariance in the adjustment between the synthetic seismograms and the corresponding observed seismograms was 0.39.
Solution 2 (Fig. 5c) shows an asperity around the hypocentre, where a maximum slip of 4.0 m was observed. In general, the slips produced by this Solution have a reverse mechanism with a small lateral component. The most important asperity lies immediately below the hypocentre, covering an approximately circular area of approximately 10 km (diameter) and extending with less intensity to the deeper parts of the fault over approximately 25 km. West of the hypocentre, there is a small, shallow asperity with an elliptical shape, elongated in the strike direction, and with a major axis of 12 km and minor axis of 6 km. Along the fault trace east of the hypocentre, a strait asperity is observed with approximately 6 km width by approximately 32.5 km length. The scalar seismic moment was 1.47 9 10 19 Nm (Mw = 6.7), and the average rake was 91° (  Fig. 5b) . The temporal function of the source shows a rupture with a total duration of approximately 16 s (Fig. 5a ). The variance between the observed and synthetic seismograms was 0.40.
Modulation of Co-Seismic Deformation
The modulation of co-seismic deformation was computed for the two Solutions of the slip distribution following the methodology described above (Sect. 2). The first model revealed that the vertical displacements occurred in the form of uplift in the SW-NE direction over 50 km, reaching their maximum to the west of the hypocentre (81 cm) in an area of deformation elongated in the SW-NE direction with an extension of 20 km and a width of approximately 12 km. Near the epicentre, there is a circular area where the vertical displacements are greater than 40 cm; this region has an average diameter of approximately 14 km extending in the NE direction in an elongated shape with a length of 11 km and width of 7 km.
In the case of the second rupture model, in which the fault plane dips to the NW, the vertical displacements also occurred in the form of uplift in the SW-NE direction over approximately 17 km. To the east of the hypocentre, another deformed region with dimensions of 16 km by 8 km was verified, with the vertical displacements reaching 31 cm. The deformation field of both models described above is coordinated relative to the epicentre, and it is important to assign geographic coordinates to the models to enable comparisons with other data, such as interferometric fringes and coastal uplift. The uplift measurements were used to locate the region on the vertical displacement models that best fit these measurements. A profile with the shape and scale of the region of the coastline of Algeria was defined using the uplift measurements realised by . We considered ten parallel positions with a distance between 500 m lines (Fig. 6) . The vertical displacements along these ten profiles on the model were compared with the uplift measurements of . The graphs in Fig. 7 show the vertical displacements of Figure 6 The location of the vertical profiles (black lines represent the shape of the Algerian coastline) used to determine the best geographic location for each solution of the co-seismic deformation model. The red line is the location of the best solution between the uplift measurements and the vertical displacement model. The brown polygon is the fault plane. a Solution 1; b Solution 2
Vol. 172, (2015) Rupture process of the 2003 Zemmouri-Boumerdes Earthquakethe ten vertical profiles for the two Solutions of our study as well as the uplift measurements (black line with the bars of maximum uncertainty of 15 cm). Based on this information, the standard deviation of the differences between the vertical displacements (models) and the uplift measurements of the coast was calculated. The lower value of the standard deviation obtained for Solution 1 was 11 cm for cross-section number 6 (Table 3) . After the application of the proper shift to overlap the cross-section line with the true coastline, the epicentre would be located at the coordinates 36.846°N and 3.660°E (WGS84).
Solution 2 obtained the lower standard deviation of 15 cm for cross-section number 1 (Table 3) . After applying the shift to this model, the epicentre would be located at the coordinates 36.855°N and 3.564°E (WGS84). Figure 8a presents the vertical displacements for Solution 1 calculated using the location obtained from the selected cross-section that best fit the vertical displacements measured along the coast, the projection of the fault plane on the Earth's surface, and the location of the epicentre of this model. The maximum vertical displacement (81 cm) occurred in the sea (Fig. 8a) , and there were significant vertical displacements in the cities of Boumerdes, Zemmouri and Cap Djinet. An analysis of the graph in Fig. 7a revealed that cross-section number 6 best fits the uplift measurements, although there are two important differences between the uplift measurements and the modelled displacements: (1) west of Boumerdes (at 2.5 km, horizontally distant in the cross-section) and (2) near the city of Dellys (*42 km). The projection of the fault plane on the Earth's surface revealed that most of the rupture zone is located Table 3 The standard deviation (in centimetres) of the differences between the uplift measurements and the synthetic vertical displacements for the profiles in Fig. 6 Profile 1 offshore. The trace of the fault in the epicentre region is located 9 km from the coastline. According to this model, the epicentre is located close to the shoreline. Solution 2 (Fig. 8b ) reveals that the maximum displacement also occurred in the sea, and that the highest vertical displacements occurred along the coast between the cities of Boumerdes and Dellys. Cross-section number 1 of Fig. 7b shows that the vertical displacements of the model are smaller than the uplift measurements for the entire coastline. However, despite this systematic deviation, the modelled vertical displacements correctly reproduce the shape of the measured deformation. The projection of the fault plane on the Earth's surface reveals that the trace of the fault is located over the coastline, with the deeper part (the base of the plane) located in the sea approximately 15 km from the coastline (at the epicentre region).
The synthetic interferogram in Fig. 8b reveals that the fringes generally follow a pattern parallel to the coast, following a pattern similar to that of the interferogram obtained by the InSAR technique. The synthetic interferogram also revealed a large concentration of fringes between Boumerdes and Zemmouri. Between the cities of Cap Djinet and Dellys, there are fewer fringes due to displacements in the satellite direction, with this region being lower than that to the west of the epicentre.
The synthetic interferogram of Solution 1 (Fig. 8a ) reveals a close agreement with the number of fringes near the city of Boumerdes. However, near Ain Taya, the fringe configuration diverges from the fringes observed in the interferogram (Fig. 2) . In that region (Ain Taya) of the interferogram, the fringes reveal some displacement towards the satellite, but in the synthetic interferogram, that region shows no fringes corresponding to any displacement.
The synthetic interferogram of Solution 2 (Fig. 8b) shows that the synthetic fringes are aligned with the digitised fringes near the city of Bourmerdes (Fig. 2b) , indicating a good adjustment in that region. There are a few differences in the pattern and number of the fringes between the cities of Boumerdes and Ain Taya. This model only shows nine fringes, but the same region on the interferogram contains 19 fringes.
The epicentres of both models are located in the sea, similar to the relocation proposed by BOUNIF et al. (2004) . Compared with the relocation proposed by BOUNIF et al. (2004) , the epicentre of Solution 1 is located 0.6 km to the east and 1.5 km to the north, and the epicentre of Solution 2 is located 8 km to the west and 3 km to the north.
Discussion and Conclusion
The planes of the focal mechanism, based upon the geometry of the deformation measured by In-SAR and represented as several faults mapping to this region, which dipped to the NW and to the SE, were not strong enough arguments for the unequivocal adoption of one fault plane over another plane. Therefore, we studied the solution of both planes.
The results of both rupture models reasonably explain the seismic and geodetic data. The rupture model of Solution 1 presents two well-defined asperities, but the second Solution shows rupturing that is scattered throughout several regions of the fault plane. The model of Solution 1 is similar to several models published by other authors (DELOUIS 2004; BELABBÈS 2009 ) with respect to the two well-defined asperities in the rupture. In Solution 2, the plane dipped to the north, representing a hypothesis not present in any known study; thus, these results could not be used in a comparison.
The obtained models of slip distribution are compatible with the geodetic and seismic results; these models conveniently explained the seismic records in almost all seismic stations and were also compatible with the results of the directivity of the rupture obtained with a distinct technique (CALDEIRA et al. 2010) .
The seismic magnitude (6.7) obtained by the two models is compatible with the estimation presented by the scientific community (between 6.7 and 6.9).
With respect to the duration of the rupture, both models showed a duration of approximately of 15 s; The two models revealed similar mechanisms, with a strong reverse component and a small strikeslip component. Thus, considering only the seismic data, neither of the two Solutions could be considered impossible. Thus, geodetic data are important to the on-going study of this complex rupture and for the verification of an optimal solution.
The synthetic models of the surface displacements acquired from the two Solutions revealed the regions of maximum displacement, similar to the findings published by BELABBÈS (2009) and YELLES et al. (2004) and evidently analogous to the InSAR displacement field. Using a visual comparison between the synthetic and observed interferograms, the supremacy of one model over another is not clear (see Figs. 3, 8) . To help with this discrimination, the vertical components of the synthetic deformation model still needed to be compared with the uplift measurements made along the coastline. The results of this comparison produced not only the unequivocal proof of the true geometry of the fault plane but also its location. The model of Solution 1 clearly produces vertical displacements close to the measured values in the field; in contrast, the model of Solution 2 produces inferior values (Fig. 7) .
The synthetic interferograms demonstrated that both Solutions are well adjusted to the digitised interferometric fringes, but they still lagging due to the lack of fringes west of Boumerdes. The interferometric fringes located west of Boumerdes may have been caused by the rupture of a fault located along the coastline between Boumerdes and Cap Matifou that was activated during the 2003 seismic crisis activated by this earthquake (AYADI et al. 2008) ; if this hypothesis corresponds to the actual occurrence, then the fringes obtained by the 244 track could be supported.
The epicentres of both models are located offshore, north of the relocation proposed by BOUNIF et al. (2004) . However, the location of Solution 2 implies that the trace of the fault is inshore, inconsistent with the tsunami recorded by several tide gauges in the Mediterranean Sea; by contrast, the location of Solution 1 can perfectly explain the phenomenon. The epicentre of Solution 1 is located relatively close (*1.5 km) to the epicentre presented by BOUNIF et al. (2004) .
The projection of the fault trace on the surface of Solution 1 shows that this part of the fault is located in the sea, 9 km from the coastline, and this distance is considered acceptable by BELABBÈS (2009), AYADI et al. (2008 . However, there is a large difference between this location and the fault located by DÉVERCHÈRE et al. (2005) . That seismic fault defended by DÉVERCHÈRE et al. (2005 DÉVERCHÈRE et al. ( , 2010 is far from the coastline, and the co-seismic displacements observed along the coast could not be modelled for this distance (in agreement with . This possibility may indicate that this event evolved from a complex rupture, in which several faults ruptured.
This study determined the parameters that best fit the coastal uplift, SAR, and seismic data sets. Solution 1 is the best, revealing the following parameters: strike = 64°, dip = 50°, and average slip = 97°, with the epicentre located at 36.846°N and 3.660°E and the hypocentre at a depth of 8 km. According to these geometric parameters, the fault does not reach the seabed.
The location and geometry of Solution 1 are also in agreement with the aftershock relocation proposed by AYADI et al. (2008) , where one aftershock cloud corresponded to a fault that dipped to the SE.
